We investigated giant flux jumps, caused by thermomagnetic avalanches, in two cylindrical samples of conventional NbTi-50% superconductor of the same diameter -14 mm, but of different heights -4 mm and 20 mm. We studied the influence of demagnetizing effects on the flux jumps occurrence, the amount of the magnetic flux entering the sample during the following jumps and on the flux jumps dynamics. The dynamics of the magnetic flux entering the sample is compared with the dynamics of the stray field.
Introduction
Giant flux jumps caused by thermomagnetic avalanches are commonly observed in hard type-II superconductors [1] . This phenomenon is problematic from the viewpoint of applications of the superconductors, because the thermomagnetic avalanche may drive the superconducting sample into a normal state. Studies of the avalanche-like processes, which are strongly nonlinear, are also interesting from theoretical point of view. The dynamics of the thermomagnetic avalanche remains poorly understood and needs further investigations [2] . It is known that demagnetizing effects strongly influence conditions of the flux jumps occurrence [3] . In thin films, at certain conditions, the avalanche of magnetic flux may propagate in the form of dendrites [4] . Recently, this phenomenon was intensively studied both experimentally and theoretically [5] . In our previous work [6] we studied the structure of the thermomagnetic avalanches in superconducting NbTi disk. The aim of the present work is to compare the structure of thermomagnetic avalanches in two bulk samples of conventional superconductor of different demagnetizing factors. In particular, we study the range of the flux jumps occurrence, the amount of the magnetic flux entering the sample during the following flux jumps and the dynamics of the magnetic flux entering the sample as well as the dynamics of the stray field.
Experiment
Both samples, studied in our experiment, were cut from the same long cylinder of NbTi-50% superconductor with the critical temperature of 9.6 K and characterized by the critical current density of about 10 9 A/m 2 , at 4.2 K in zero external magnetic field. They have the same diameter of 14 mm and heights of 4 mm (disk) and 20 mm (cylinder), respectively.
Flux dynamics inside superconductors was investigated by pick-up coils. These coils were wound directly on the superconducting samples, in the middle of their heights, and consisted of 10 turns of copper wire. We also investigated the changes of the magnetic flux around the samples. To this aim, we used outside pick-up coils, whose cross-section embraced some area around the samples, and consisted of 5 turns of copper wire (see Ref. [6] for details). These coils detected the changes of the stray field. The thermomagnetic avalanches induced a voltage proportional to the time derivative of the magnetic flux in pick-up coils. This voltage was registered by a transient recorder with memory. The measurements of the local surface induction were performed by using a miniature Hall probe. Our investigations were performed in a 12 T superconducting magnet with a variable temperature insert. The external magnetic field was parallel to the axes of the investigated samples with cylindrical symmetry. Figure 1 presents the surface magnetization hysteresis loop, M surf (H ext ) = B surf (H ext ) − µ 0 H ext , taken for the disk and for the cylinder at 4.2 K. The Hall probe, which measured the surface induction B surf (H ext ), was placed each time in the middle of the sample surface. It is clearly seen that the range of the flux jumps occurrence is more restricted in the case of the disk (±2 T) than in the case of the cylinder (±5 T). In the case of the cylinder some additional jumps also occur in the external magnetic field higher than 9 T.
Results
After integration in time signals taken from the pick-up coil wound directly on the sample, we obtained the amount of the magnetic flux entering the sample during the following flux jumps. The comparison of the amount of magnetic flux entering the disk and the cylinder, studied in our experiment at the temperature of 4.2 K during the following jump, is schematically shown in Fig. 2 . Data points shown in Fig. 2 correspond to the following jumps, shown in Fig. 1 . One can see that the amount of the flux entering the sample is approximately twice smaller in the case of the disk than in the case of the cylinder. Additionally, this amount of magnetic flux, statistically, decreases with an increase in the external magnetic field.
Duration of the following jumps, registered by the pick-up coil wound directly on the sample, for both samples studied in our experiment, is shown in Fig. 3 . One can see that this duration is shorter in the case of the disk. Figure 4 presents the comparison of the duration of the jumps registered by the pick-up coil wound directly on the sample and by the pick-up coil that measured the changes of the stray field around the NbTi cylinder. The duration of the stray field jumps is significantly longer than duration of the magnetic flux entrance into the investigated cylinder.
Model
In order to analyze, quantitatively, the influence of the sample geometry on the amount of the magnetic flux entering the sample during flux jumps, we have developed the following model. We considered an infinitely long rod with rectangular cross-section, with diameter 2a and height h (see Fig. 5 ). We assume the sample to be fully penetrated by the magnetic flux and the absolute value of the critical current density, j c , to be constant in the whole volume of the superconducting sample. In this case, it is possible to obtain analytical formula for the distribution of the z-component of the magnetic field in the plane z = 0. After integration of the magnetic field distribution over the sample diameter, we obtain the formula for the magnetic flux, Φ, whose changes are measured by the coil in our experiment
where ξ is the length of the slab and k = a/h. The function F (k) is given by the following analytical formula:
In the case of infinite slab sample (h → ∞ and k → 0), F (k → 0) → 1. With a decrease in the sample height, it means with increasing k, the function F (k) decreases, approaching zero for k → ∞.
Discussion
Our experimental results show (Fig. 1 ) that with a decrease in sample height the range of the flux jumps occurrence becomes more restricted. This fact can be understood taking into account a decrease of the field in full penetration [7, 8] . Flux jumps occur when the difference between the magnetic field in two points of the superconducting sample (usually between the magnetic field in the sample center and the magnetic field at the sample edge) reaches some critical value [1] . If the sample is fully penetrated, and assuming that the critical current density decreases with increasing magnetic field, this difference cannot increase any more and flux jumps disappear. In increasing external magnetic field, the field of full penetration is reached earlier in the case of the disk than in the case of the cylinder. Hence, the range of the flux jumps is more restricted in the case of the disk. Flux jumps that occur in the cylinder in the external magnetic field higher than about 9 T are similar to the so-called "island jumps", which may occur when the critical current density increases, in some range, with increasing external magnetic field. The conditions of the occurrence of the "island jumps" were analyzed in our previous work [9] .
According to our simple model one can expect a decrease in the amount of the magnetic flux entering the sample with a decrease in the sample height. Such dependence was indeed observed in our experiment (see Fig. 2 ). Taking the values of a diameter and heights of our samples, we obtain k disk = 1.75 and k cylinder = 0.35. Hence (see Eq. (2)), F (k cylinder )/F (k disk ) ≈ 2.9, which is slightly higher than the ratio of the amounts of the magnetic flux entering the cylinder and the disk, studied in our experiment (see Fig. 2 ). This small discrepancy can be understood bearing in mind rather rough assumptions of our model. As the magnetic flux, Φ, is proportional to the critical current density (see Eq. (1)), we can also understand a decrease in the magnetic flux entering the sample with increasing external magnetic field (see Fig. 2 ).
As the field of full penetration is smaller in the case of the disk [8] , the magnetic field penetrates this sample more rapidly, and the time of the following flux jumps is shorter than in the case of the cylinder (see Fig. 3 ).
Similarly to the case of the disk [6] , in the case of the cylinder the duration of the stray field jump is significantly longer than the duration of the magnetic flux entrance into the volume of the investigated sample (see Fig. 4 ). This experimental fact suggests that when the process of the magnetic flux entrance (registered by the coil wound directly on the sample) is finished, the process of the magnetic flux redistribution in the superconductor's volume (which manifests itself by changes of the stray field) is still continuing. These two processes are even more distinguishable in the case of the cylinder than in the case of the disk, because in the case of the cylinder they occur in a larger volume.
Conclusions
With an increase in the sample height: (1) the range of the flux jumps occurrence becomes wider, (2) the amount of the magnetic flux entering the sample during the following jumps increases, (3) the duration of the following jumps increases, (4) the process of the magnetic flux redistribution becomes longer. These experimental facts can be qualitatively understood bearing in mind changes of the field of full penetration as well as a simple theoretical model, which correlates the amount of the magnetic flux with sample geometry.
